We predict an unconventional magnetic ground state in AyFe1.6Se2 with √ 5 × √ 5 Fe-vacancy superstructure under hydraulic external pressure based on first-principles simulations. While the Fe-vacancy ordering persists up to at least ∼ 12GPa, the magnetic ground state goes at ∼10GPa from the BS-AFM phase to a Néel-FM phase, a ferromagnetic arrangement of a "Néel cluster". The new magnetic phase is metallic, and the BS-AFM to Néel-FM phase transition is accompanied by a sizable structural change. The two distinct magnetic phases can be understood within the extended J1-J2 Heisenberg model by assuming a pressure-tuned competition between the intrablock and interblock nearest-neighbor couplings of iron moments.
Introduction. The anti-PbO-type FeSe is the simplest Fe-based superconductor with T c ∼ 8K [1] . Recently, a class of new iron superconductors A y Fe 2−x Se 2 (A=Tl,K,Rb,Cs) with enhanced T c ∼ 30K [2] [3] [4] has attracted intensive interest. These materials are structurally similar to the 122-type iron-pnictides [5] with the FeSe layers intercalated by the A atoms, leaving certain amount of Fe-vacancies in the Fe-square lattice. The iron-vacancies are expected to order in some periodic superstructures at certain x values [3] . Among the proposed superstructures, the √ 5 × √ 5 vacancy ordering pattern(see in FIG. 1 ), corresponding to x = 0.4, seems to be of special importance since it exists in most of A y Fe 2−x Se 2 compounds as confirmed by experiments from neutron diffraction [6] [7] [8] [9] to high-resolution transmission electron microscope [10] .
In addition to the √ 5 × √ 5 superstructure, a novel block-spin antiferromagnetism, the BS-AFM order shown in FIG.1(b) with large magnetic moment of irons, was discovered by the neutron diffraction experiments [6] . A remarkable observation is the co-existence of superconductivity and BS-AFM order in A y Fe 2−x Se 2 [6] . It has been debated whether the co-existence is intrinsic at the microscopic level [11] , or due to phase separation [12] . Previous independent density functional theory (DFT) calculations show that the ground state has a BS-AFM order in the presence of the Fe-vacancy superstructure [13, 14] . Since the magnetic ordering temperature, which is unprecedentedly high (T N ∼ 550K), is close to the Fevacancy ordering temperature T V ∼ 580K [6] , it was also proposed that the Fe-vacancy ordering may be driven by magnetic exchange interactions so as to minimize the magnetic frustrations [15] .
All these interesting issues are closely related to the Fe-vacancy orderings and call for further experimental investigations. A key to resolve these issues is to clarify whether the BS-AFM is the only magnetic ground state or whether there are other magnetic ground states in the Fe-vacancy ordered compounds. Here we suggest to seek for these states by applying physical pressure, a clean parameter to tune the lattice and electronic structures. We note a recent high pressure experiment on superconducting sample of nominal K 0.8 Fe 1.7 Se 2 compound, where the resistance hump is suppressed at a critical pressure of 8.7 GPa and T c is suppressed at a similar pressure [16] . The metallic phase in the high pressure regime was believed to arise from charge transfer between two different Fe vacancy occupancies but its magnetic structure is unknown.
In this paper, we study the lattice and magnetic structures of A y Fe 1.6 Se 2 under high pressure up to 16 GPa by using first-principles simulations. We find that while the BS-AFM ground state (which is insulating at y = 0.8 [13, 14] ) persists to 10GPa, a novel metallic magnetic phase, the Néel-FM phase, becomes the new ground state for higher pressures. Both the BS-AFM and Néel-FM phases can be described by the extended J 1 -J 2 model while the magnetic phase transition is accompanied by a sizable structural change. Magnetic phases and ground state. For the first principle simulations, plane-wave basis and projected augmented wave methods are used as implemented in VASP code [17, 18] . The Perdew, Burke, and Ernzerhoff flavour of generalized gradient approximation (GGA) [19] is employed to calculate the electron exchange-correlation energy. A 360 eV energy cutoff for the plane-waves and 4 × 4 × 4 Monkhorst-Pack k-grid [20] are chosen to ensure the total energy converges to 1 meV/Fe. The external pressure is introduced using the Pulay stress method. With the applied pressure, both the internal coordinates and the lattice constants are fully optimized for each calculated magnetic and non-magnetic configurations until the total force on each atom is < 0.01 eV/Å. For the density of state (DOS) calculations, a dense 16 × 16 × 16 Γ-centered k-grid, as well as the tetrahedra method are used to obtain accurate energy gap sizes. In the following text, we report and discuss detailed results for A=Tl, while the validity of all conclusions is checked for A=K and Rb.
We first identify the true ground state by examining the relative energies of several possible magnetic configurations [13, 21] . Another abrupt change in Fe-Fe distances (and Fe-SeFe angles) could be identified from 14 GPa to 16 GPa (FIG.2(b) ), as the lattice constant a abnormally expands from 8.27Å to 8.40Å and c collapses from 11.95Å to 11.03Å. A closer examination reveals that the difference in z Fe expands abruptly from 0.32Å at 14 GPa to 0.73Å at 16 GPa. This severe change implies that the backbone of vacancy superstructure is becoming unstable and that the superstructure may break down under such high pressure. Thus we focus on the magnetic phase transition around 10 GPa in the following discussions.
Extended J 1 -J 2 Heisenberg model. In order to understand the physics behind the pressure-induced magnetic phase transition we fit the energetics of the magnetic configurations using the extended J 1 -J 2 model [13] (FIG.  3(a) ) where J 1 and J 2 (or J and J 2 , being FM at 0 GPa, become AFM at approximately 8 GPa, 6 GPa, and 11 GPa, respectively. All Js increase monotonically with increasing pressure, except for J 2 which dwells around -20 meV until 10GPa. We notice that for ambient pressure the fitted values of Js are compatible with the low energy spin wave excitations probed in the recent experiment [22] , while in the high pressure Néel-FM phase, the fitted values are compatible with the Monte Carlo result [23] .
Variations of these exchange interactions, while reflecting complicated electronic structures that evolve with pressure, can be attributed to a combined effect of the electron correlation (U ), the Hund's coupling (J H ), the crystal field splitting, as well as various short-ranged hopping integrals at the microscopic five-orbital Hubbard model level. As inferred from the previous DFT study for the iron pnictides [24] , J H plays an important role in mapping out the local magnetic interactions though U involved in GGA calculations may be not large. Some insights can be gained if we adopt the intuitive results obtained from perturbation or Hartree-Fock mean-field theory [25, 26] . The n.n. and n.n.n. exchange couplings are then contributed from two virtual processes where Fe-3d electrons hop between two sites directly, or via porbitals of the Se-atoms [24] . The contribution from the direct exchange depends strongly on the inter-atomic distances, while the contribution from the indirect exchange depends strongly on both the inter-atomic distance and the Fe-Se-Fe angle.
On one hand, both contributions decrease monotonically with Hund's coupling and become FM at relatively large J H /U . On the other hand, for fixed J H /U , the second contribution could be ferromagnetic when the an- • approximately, depending on the details of materials [26] . From our structural analysis, the threshold values of γ calculated by the structure parameters for the corresponding fitted J 1 , J ′ 1 , and J 2 are about 36
• ∼ 42
• , which reasonably fall into the FM region given by the mean-field approximation [26] . Meanwhile, the γ angle associated with J ′ 2 is the smallest (about 35
• or less) due to the structural distortion. It explains why J 1 , J ′ 1 , and J 2 are initially FM and increase under pressure, while J ′ 2 is AFM even for ambient pressure. It is interesting to remark that across the phase transition, β angle abruptly changes from 94.35
• to 104.61
• , leading to a sign change in the second contribution, and thus J 2 becomes AFM around 10 GPa. From 10 GPa to 14 GPa, not only Fe-Fe distances are reduced, but the FeSe-Fe angles (or γ)are also increased (reduced), thus all Js rapidly increases.
Once the two competing phases, namely the BS-AFM and Néel-FM phases, are identified as shown in FIG.2(a) , the magnetic phase transition point should be at J 1 = J ′ 1 /2, when the energy of the Néel-FM phase is equal to that of the BS-AFM phase. Using this criterion and the least-square-fitting of the Js, we determine the critical pressure to be 10.53GPa. Hence the phase transition around 10 GPa is mainly driven by competition between J 1 and J ′ 1 , while the role of J 2 or J ′ 2 is to stabilize the BS-AFM phase or the Néel-FM phases in the respective low or high pressure regimes [27] .
Band structure and density of states. The transition from the BS-AFM to Néel-FM phases drastically changes the electronic structure of the material. It was shown that A 0.8 Fe 1.6 Se 2 is an AFM insulator with the band gap ∼ 400-600 meV [13, 14] . Here, the gap size E g and the magnetic moment per Fe atom m Fe of Tl 0.8 Fe 1.6 Se 2 in the BS-AFM or the Néel-FM states are calculated and shown in FIG. 3(b) .
In the BS-AFM phase, when the pressure increases from 0 to 10GPa, the intra-and inter-block Fe-Fe n.n. distances greatly reduce, which enhance the hopping between the n.n. Fe atoms, resulting in a decrease of E g from ∼400 meV to ∼100 meV. Meanwhile, m Fe starts from 2.81 µ B at 0GPa and gradually reduces to 2.40 µ B at 10GPa. The rapid suppression of E g compared with the small variation of m Fe reveals possible vacancyenhanced Mott physics [28] [29] [30] .
By contrary, we find that the Néel-FM phase is always metallic as shown in FIG.3(b) . We have also checked that the metallicity is robust until U ∼ 4 eV by using GGA+U calculations. Therefore, for y = 0.8, the magnetic phase transition is associated with an insulatormetal phase transition. In the Néel-FM phase, m Fe sets off from 2.52 µ B at 0GPa, and is reduced to 1.66 µ B at 10 GPa. It reaches the lowest value of 1.27 µ B at 14GPa, where the collapsed phase transition occurs and restores m Fe to 1.40 µ B at 16GPa. It is important to notice that although the Néel block ensures vanishing net moment in the classic ordering configuration, there is no overall q-vector ensuring the time-reversal symmetry, since the blocks are ferromagnetically aligned. Discussions. The magnetic states considered in this paper are based on the classical Heisenberg model, and the m Fe , which is about 2.5µ B -3.0µ B in the BS-AFM phase, should be considered as the static local magnetic moment. This is in agreement with the neutron diffraction experiment where a large iron moment 3.31µ B /Fe (for A=K) was reported [6] . Therefore quantum fluctuations should be suppressed in the ordered phases due to the large magnetic moment. One expects that quantum fluctuations play a larger role when the magnetic transition point is approached, but the two magnetic phases should be robust in the presence of the vacancy superstructure. The magnetic phase transition is likely of first order because it is accompanied with a sizable change in the lattice constants. An adequate account of quantum fluctuations needed for a thorough understanding of the transition calls for future studies.
Our results shed a new light in understanding the available high pressure experiment [16] if the resistance hump observed in most of the superconducting samples of A y Fe 2−x Se 2 is interpreted as due to a phase separation involving a Fe-vacancy disordered superconducting phase and a Fe-vacancy ordered BS-AFM insulating phase, respectively. With this interpretation, the metallic phase in the high pressure regime is not necessarily due to the charge transfer between two iron sites of different occupancies as previously expected, but due to the Néel-FM phase which respects the √ 5 × √ 5 vacancy ordering. Of course, the accompanied structural distortion, in particular the difference in z Fe , may complicate the comparison with experiments. 
